Schistosoma mansoni cercariae display specific behavioral responses to abiotic/biotic stimuli enabling them to locate and infect the definitive human host. Here we report the effect of such stimulants on signaling pathways of cercariae in relation to host finding and invasion. Cercariae exposed to various light/temperature regimens displayed modulated protein kinase C (PKC), extracellular signal-regulated kinase (ERK) and p38 mitogenactivated protein kinase ( p38 MAPK) activities, with distinct responses at 37°C and intense light/dark, when compared to 24°C under normal light. Kinase activities were localized to regions including the oral sensory papillae, acetabular ducts, tegument, acetabular glands, and nervous system. Furthermore, linoleic acid modulated PKC and ERK activities concurrent with the temporal release of acetabular gland components. Attenuation of PKC, ERK, and p38 MAPK activities significantly reduced gland component release, particularly in response to linoleic acid, demonstrating the importance of these signaling pathways to host penetration mechanisms.
The cercarial stage of Schistosoma mansoni is exquisitely adapted, anatomically and behaviorally, to locate and penetrate humans and other mammalian definitive hosts [1] . On leaving the snail intermediate host, the cercaria senses and responds to fluctuations in light and temperature [2] [3] [4] [5] [6] , and it is particularly attracted to human skin surface molecules, such as fatty acids [2, 3, 5, [7] [8] [9] . Once attached to skin, cercariae creep to find a suitable entry site, where they secrete acetabular gland contents aiding penetration [7, 10] and are exposed to increased temperature at the body surface. Once inside the skin, the parasite transforms to a schistosomule that migrates within the epidermis before penetrating the stratum basal [11] . The schistosomule next locates/enters the vasculature, migrates, and develops into an adolescent worm, which pairs with an opposite-sex worm. The male and female worms mature to produce large quantities of eggs for lifecycle transmission [1] ; these eggs are responsible for the debilitating disease human schistosomiasis [12] .
Protein kinases play important roles as signal transducers within cells and orchestrate biological responses of organisms, but, as yet, little is known of the role of protein kinases in sensory perception in cercariae. Advances in S. mansoni genomics and kinomics [13] [14] [15] [16] have considerably supported recent work on schistosome protein kinases [16] [17] [18] [19] [20] [21] [22] [23] [24] . However, identifying functional roles for these enzymes remains one of the great challenges of the schistosome postgenomic era [25] . The current work aimed to determine effects of abiotic and biotic stimuli on protein kinase signaling in cercariae in the context of human host infection, through multiplexing and functionally mapping the activities of 3 signaling pathways: extracellular signalregulated kinase (ERK), p38 mitogen-activated protein kinase (MAPK), and protein kinase C (PKC). In animals, these pathways help coordinate diverse cellular responses, including development and differentiation, motility, survival, and apoptosis; they also mediate stress responses and light adaptation [26] [27] [28] [29] [30] . We hypothesized that ERK, p38 MAPK, and PKC act as responders to light and temperature cues and to the skin fatty acid linoleic acid (LA) and that these pathways play a role in LA-induced acetabular gland release.
MATERIALS AND METHODS

Parasites
Biomphalaria glabrata snails exposed to S. mansoni (strain NMRI) were supplied by the National Institute of Allergy and Infectious Diseases Schistosomiasis Resource Center, distributed via BEI Resources. When patent, snails were placed in filtered tap water (Brimac filter, Silverline, United Kingdom) under light for 2 hours to induce cercarial emergence; cercariae were collected and counted.
Exposure of S. mansoni Cercariae to Light and Temperature Regimens and Effects on Kinase Signaling
Cercariae, equilibrated for 1 hour at 24°C under normal laboratory lighting, were transferred into clear microfuge tubes (approximately 800 cercariae/tube in filtered tap water) and incubated at 24°C or 37°C for 15, 30, or 60 minutes in the dark, under normal laboratory lighting (approximately 400 lux, as determined with the Robin Illuminometer 5200), or under intense direct light (approximately 5000 lux) from a nonheating light source. Cercariae were then cooled on ice for 1 minute and either (1) pulse centrifuged and homogenized in radioimmunoprecipitation assay buffer containing Halt protease/phosphatase inhibitors (Life Technologies), followed by addition of sodium dodecyl sulfatepolyacrylamide gel electrophoresis sample buffer, and heated to 90°C for 5 minutes for Western blotting; or (2) fixed in 80% ice-cold acetone for immunohistochemical analysis.
To determine the effects of light on protein kinase activation within tails, cercariae were transformed mechanically by vortexing a concentrated cercarial suspension in Eagle's basal medium, and detached tails were separated from heads by centrifugation (at 95 × g) in Hank's basal salt solution. Tails were transferred to clear tubes (approximately 1500 tails/tube) and exposed to intense direct light or dark for 1 minute at 24°C before processing for Western blotting or immunohistochemical analysis.
Western blotting and immunohistochemical analysis with anti-phospho PKC (ζ Thr410 and βII Ser660), anti-phospho p44/42 MAPK (ERK1/2; Thr202/Tyr204), or anti-phospho p38 MAPK (Thr180/Tyr182) antibodies (Cell Signaling Technology, New England Biolabs) were performed and findings were analyzed using our published methods [17] [18] [19] [20] 31] . For blotting, anti-actin antibodies (Sigma; dilution, 1:3000) were used to assess protein-loading differences. This was important because of difficulties in obtaining equal numbers of cercariae in each sample, owing to their motile behavior; phosphorylation levels were then normalized against differences in actin signals between samples [18, 20] . For immunohistochemical analysis, actin was stained with anti-actin cy3 conjugated antibodies.
Cercariae were visualized using a Leica SP2 AOBS laser scanning confocal microscope (objectives, 40× or 63× original magnification), and images were captured; photomultiplier tube voltages were equal for each comparative experiment.
Exposure of S. mansoni Cercariae to LA and Effect on Protein Kinase Signaling
Individual wells of 24-well tissue culture plates (Nunc; well area, 1.9 cm 2 ) were coated with 500 µL of 26.6 µg/mL LA in methanol and air-dried overnight at 4°C to provide LA at approximately 7 µg/cm 2 , a concentration that induces acetabular gland release [32] . Uncoated or LA-coated plates were equilibrated at 24°C for 1 hour, and cercariae (approximately 1000 in 1 mL of filtered tap water) were loaded into wells and incubated for 0-120 minutes. Cercariae were then prepared for Western blotting or immunohistochemical analysis.
Release of CFDA-Labeled Acetabular Gland Components in Response to LA and Effect of Kinase Inhibition
Cercariae were incubated in 20 µM of carboxyfluorescein diacetate succinimidyl ester (CFDA-SE; Molecular Probes, Invitrogen) for 45 minutes in Falcon tubes at 24°C to allow CFDA-SE to label the acetabular gland contents; this CFDA-SE concentration provides optimal labeling and is nontoxic to the parasite [33] . Next, tubes were placed on ice for 15 minutes, and cercariae were concentrated by centrifugation (at 200g for 30 seconds) prior to resuspension in filtered tap water. Control cercariae without CFDA-SE were manipulated similarly. Cercariae (approximately 700) were loaded into wells of uncoated or LA-coated plates and incubated for 0-120 minutes at 24°C. At appropriate times, cercarial suspensions were transferred to microfuge tubes, placed on ice for 1 minute, and pulse centrifuged. Aliquots (25 µL) of supernatants were transferred to 96-well plates (Nunc) for quantification of released fluorescent gland contents, using a Fluostar Optima reader (excitation, 492 nm; emission, 520 nm; BMG Labtech); wells were also inspected to ensure no cercariae remained. Negative controls included samples without CFDA-SE and aliquots obtained at minute 0 from a CDFA-labeled cercarial suspension. Confocal laser scanning microscopy was also performed on LA-exposed CFDA-SE-labeled cercariae, to visualize remaining fluorescence in the glands. Aliquots containing cercariae were removed from wells, fixed in 2% paraformaldehyde, mounted under coverslips, and visualized with a Leica SP2 AOBS laser scanning confocal microscope.
Cercariae (approximately 1000/treatment) were incubated in 1 µM/10 µM GF109203X, 1 µM U0126, 1 µM SB203580, or 0.1% dimethyl sulfoxide (DMSO; vehicle for U0126) in 24-well culture plates for 15, 30, or 60 minutes at 24°C, and Western blotting was performed to determine inhibition of PKC, ERK, and p38 MAPK, respectively. Thereafter, the inhibitors (or DMSO) were preincubated with cercariae during CFDA-SE labeling, and the effects of pathway inhibition on acetabular gland release were determined as described above, while maintaining inhibitor concentrations.
Statistical Analysis
One-way analysis of variance (ANOVA) was performed using Minitab (version 16); the statistical significance of differences between means was determined by Fisher multiple pair-wise comparison tests.
RESULTS
Phosphorylation of S. mansoni Cercaria PKC, ERK, and p38 MAPK is Modulated by Light and Temperature
Previously, we validated anti-phospho antibodies against PKCs (anti-phospho PKC [ζ Thr410] and anti-phospho PKC [βII Ser660]), ERK (anti-phospho p44/42 MAPK), and p38 MAPK (anti-phospho p38 MAPK) to detect exclusively activated (phosphorylated) forms of these kinases in S. mansoni [16, 18, 20, 31] ; approximately 78-and 81-kDa PKC, 116-kDa PKC, 43-kDa ERK, and 42-kDa p38 MAPK bands are recognized by the respective antibodies in cercariae [20] . Importantly, the antibodies react specifically with their activated kinases because of the high sequence homology in key phosphorylation sites that exist within each kinase between S. mansoni, humans, and other organisms [18, 20, 31] and because phosphorylation at these sites is vital to enzyme activation [16] . Here, these antibodies have been used to multiplex kinase activation. S. mansoni cercariae were exposed to 6 light and temperature regimens for different durations, and PKC, ERK, and p38 MAPK activation was determined by Western blotting; additionally, immunohistochemical analysis was used to map the location of the functionally activated kinases within intact cercariae when phosphorylation changes were observed.
Relative to control conditions (defined as a temperature of 24°C under normal light), intense light induced a transient increase of approximately 40% (P ≤ .05) in 81-kDa PKC activation at 15 minutes when cercariae were maintained at 24°C (Figure 1 ). Activation of this PKC was also triggered by dark (P ≤ .01, for 60 minutes and 24°C), particularly at 37°C, when Figure 1 . Effect of different temperature and illumination regimens on protein kinase C (PKC), extracellular signal-regulated kinase (ERK), and p38 mitogen-activated protein kinase ( p38 MAPK) phosphorylation (activation) in Schistosoma mansoni cercariae. Cercariae were maintained for 15, 30, or 60 minutes under normal light, intense light, or dark at either 24°C or 37°C, and proteins were processed for Western blotting with anti-phospho PKC (ζ Thr410), anti-phospho PKC (βII Ser660), anti-phospho p44/42 MAPK (ERK), or anti-phospho p38 MAPK antibodies; anti-actin antibodies were used to ascertain protein-loading levels. Blots are representative of those from 3 independent experiments that were analyzed for band intensity; intensity values were normalized with reference to actin. Mean change in phosphorylation (shown under each blot) was determined for each regimen relative to normal light at 24°C, which was assigned a value of 1. *P ≤ .05, **P ≤ .01, and ***P ≤ .001, by analysis of variance.
phosphorylation increased by approximately 200% after 30 minutes (P ≤ .001; Figure 1 ). No significant changes were detected for the 78-kDa PKC. Immunolocalization with antiphospho PKC (ζ Thr410) antibodies that detect these PKCs and analysis of individual confocal z-sections through intact parasites revealed that, at 24°C and under normal light, activated PKC associated with the nervous system, including the acetabular nerves and oral sucker (anterior cone; Figure 2A) ; negative controls incubated with secondary antibodies alone displayed no fluorescence throughout the parasite (not shown). However, under intense light at 24°C for 15 minutes, activated PKC associated not only with acetabular nerves, but also with the acetabular gland region and sometimes the tegument ( Figure 2A) ; activated PKC was also in the subtegument region when cercariae were exposed to dark for 30 minutes at 37°C. After 60 minutes in the dark at 24°C, activated PKC localized to the oral sensory papillae and the acetabular gland region and was diffusely distributed throughout the anterior of the head and sometimes at the head-tail junction (Figure 2A ). Contrary to the 81-kDa PKC, activation of the 116-kDa PKC detected by anti-phospho PKC (βII Ser660) antibodies was unaffected by intense light; however, dark stimulated activation at 30 and 60 minutes at 24°C or 37°C (P ≤ .05; Figure 1 ). In situ localization revealed that this activated PKC associated with the acetabular gland region, acetabular nerves, and head gland region in control cercariae, with activation observed at the acetabular glands and oral sensory papillae under dark conditions (30 and 60 minutes at 24°C and 37°C; data not shown).
ERK activation increased at 30 minutes and only at 37°C, an effect independent of light intensity (P ≤ .01; Figure 1 ). While Figure 2 . In situ localization of activated protein kinase C (PKC), extracellular signal-regulated kinase (ERK), and p38 mitogen-activated protein kinase ( p38 MAPK) in Schistosoma mansoni cercariae maintained under different illumination and temperature regimens. Cercariae were maintained under normal light, intense light, or dark at either 24°C or 37°C (according to phosphorylation changes presented in Figure 1 ) and processed for immunohistochemical analysis with anti-phospho PKC (ζ Thr410; A), anti-phospho p44/42 MAPK (ERK; B), and anti-phospho p38 MAPK antibodies (green; C). Red (cy3) fluorescence (where shown) reveals actin. Images are maximum projections of approximately 100 z-sections, except when deep scanning was done of specific structures (10-25 z-sections). The scale bar denotes 10 µm. Results are representative of those observed in cercarial populations from 2 independent experiments. Arrows show activation at surface structures of unknown identity. Abbreviations: A, acetabulum; AD, acetabular gland duct; AG, acetabular gland; AN, acetabular nerves; FC, flame cell; HG, head gland; H/T JN, head/tail junction; NC, nerve cord; NS, nervous system; OS, oral sucker (anterior cone); SP, sensory papillae; SR, sensory receptors; ST, subtegument; T, tegument. This figure is available in black and white in print and in color online. Figure 2B) , an apparent increase in ERK activation was seen in the acetabular gland region at 37°C ( Figure 2B ). Additionally, neural structures displayed activated ERK when cercariae were under intense light or dark, with putative sensory structures and the nerve cord stained in the tail; ERK activation was also seen at the tegument under intense light at 37°C ( Figure 2B ). Finally, acetabular ducts displayed ERK activation that was particularly apparent in the dark ( Figure 2B ).
Increased p38 MAPK activation occurred at 30 minutes through the temperature shift from 24°C to 37°C under any light intensity (P ≤ .01), except dark conditions, which also caused activation at 24°C at 15 minutes (Figure 1) . Cercariae exposed to normal light at 24°C displayed activated p38 MAPK at the acetabular gland region, sometimes the oral sensory papillae (data not shown), and head gland ( Figure 2C 
gland regions but not the sensory papillae; however, exposure to intense light resulted in activity at the sensory papillae, acetabular ducts, flame cells, and tegument ( Figure 2C ).
When cercariae transform into schistosomules, tail detachment occurs. We observed that detached tails sustained contractile movements and responded rapidly to light (demonstrating apparent increased movement). Consequently, we exposed detached tails to intense light or dark for 1 minute and determined kinase activation and localization. Strikingly, ERK and 81-kDa PKC activation increased approximately 150% and approximately 100% (P ≤ .001), respectively, under intense light (Figure 3A) . This was concurrent with PKC activation at the tail surface and in cells resembling myocytes and with ERK activation in the tail surface tegument and possibly the nuclear region of myocytes ( Figure 3B ). No significant changes in phosphorylation of p38 MAPK or the other PKC isotypes were observed (data not shown). . Effect of linoleic acid (LA) on release of acetabular gland components and protein kinase C (PKC), extracellular signal-regulated kinase (ERK), and p38 mitogen-activated protein kinase ( p38 MAPK) signaling in Schistosoma mansoni cercariae. A, Release of cercariae acetabular gland components (labeled with carboxyfluorescein diacetate succinimidyl ester [CFDA-SE]; green) following LA exposure. Images are representative of cercariae populations obtained from 2 independent experiments. Cercariae preincubated with CFDA-SE were or were not exposed to LA, with or without 0.1% dimethyl sulfoxide (DMSO), and mean fluorescence (±SD) was determined over 120 minutes (bottom; n = 3). *P ≤ .05, **P ≤ .01, and ***P ≤ .001, by analysis of variance (ANOVA), when compared to control or 0.1% DMSO values. B, Cercariae were (for 5-120 minutes) or were not (data are from 0 and 120 minutes; controls) exposed to LA, and proteins were processed for Western blotting with anti-phospho PKC (ζ Thr410), anti-phospho PKC (βII Ser660), anti-phospho p44/42 MAPK (ERK), anti-phospho p38 MAPK, and anti-actin antibodies. Blots from at least 3 independent experiments were analyzed for band intensity, and intensity values were normalized for actin. Mean change in phosphorylation (shown under each blot) was determined relative to 0-minute controls, which were assigned a value of 1. *P ≤ .05, **P ≤ .01, and ***P ≤ .001, by ANOVA. This figure is available in black and white in print and in color online.
PKC, ERK, and p38 MAPK Coordinate Acetabular Gland Release in Response to LA
Given the locations of activated PKC, ERK, and p38 MAPK in cercariae, we hypothesized that these kinases play an important role in sensing host skin molecules and coordinating acetabular gland release. An assay was designed in which the cell permeable amine reactive tracer CFDA-SE was used to label cercariae acetabular gland contents [33] , and LA, a polyunsaturated fatty acid of human skin, was used to induce their release [32] . Only cercariae that experienced LA released CFDA-SE-labeled gland contents over 120 minutes, with significant release detected as early as 15 minutes (P ≤ .05; Figure 4A ); these kinetics of release concur with those observed when S. mansoni cercariae experience mammalian skin [33] . Confocal microscopy further revealed that the gland contents were essentially exhausted within 120 minutes ( Figure 4A ). DMSO (discussed below) did not affect gland release ( Figure 4A ).
Next the temporal activation profiles of protein kinases were determined after cercariae experienced LA. Of the PKCs, only the 81-kDa isotype displayed increased activation, peaking with a approximately 110% stimulation at 15 minutes (P ≤ .001; Figure 4B) . ERK activation followed a similar temporal pattern (P ≤ .05), whereas p38 MAPK activation was unaffected in cercariae exposed to LA ( Figure 4B ). Immunolocalization was next performed to define potential effects of LA on the protein kinase pathways in situ. Control cercariae (data not shown) appeared similar to those for controls (under normal light at 24°C) presented in Figure 2 . Staining with anti-phospho PKC (ζ Thr410) antibodies revealed that, after 5-minute exposure to LA, activated PKC was evident in the nervous system, sensory papillae, acetabular ducts, and acetabular gland region ( Figure 5A ). Between 10 and 30 minutes, PKC activation was pronounced in the acetabular nerves and ducts and was sometimes seen within the tail in putative sensory receptors; activation generally Figure 5 . In situ localization of activated protein kinase C (PKC), extracellular signal-regulated kinase (ERK), and p38 mitogen-activated protein kinase ( p38 MAPK) in Schistosoma mansoni cercariae exposed to linoleic acid (LA). Cercariae were exposed to LA for increasing durations and processed for immunohistochemical analysis with anti-phospho PKC (ζ Thr410) or anti-phospho PKC (β Ser660; A), anti-phospho p44/42 MAPK (ERK; B), and anti-phospho 38 MAPK antibodies (green; C). Red (cy3) fluorescence (where shown) reveals actin. Images are maximum projections of approximately 100 z-sections, except when deep scanning was done of specific structures (10-25 z-sections). The scale bar denotes 10 µm. Results are representative of those observed in cercarial populations from 2 independent experiments. Abbreviations: A, acetabulum; AD, acetabular gland duct; AG, acetabular gland; CG, cephalic ganglia; ET, excretory tubules; FC, flame cell; HG, head gland; H/T JN, head/tail junction; NC, nerve cord; NS, nervous system; SP, sensory papillae; SR, sensory receptors; T, tegument; VNC, ventral nerve cord. This figure is available in black and white in print and in color online. Figure 6 . Role for protein kinase C (PKC), extracellular signal-regulated kinase (ERK), and p38 mitogen-activated protein kinase ( p38 MAPK) in the release of Schistosoma mansoni cercarial acetabular gland components in response to linoleic acid (LA). A, Cercariae were exposed to 1 µM/10 µM GF109203X, 1 µM U0126, or 1 µM SB203580, and proteins were detected with anti-phospho PKC (ζ Thr410), anti-phospho PKC (βII Ser660), anti-phospho p44/42 MAPK, anti-phospho p38 MAPK, and anti-actin antibodies by Western blotting. Results are representative of 2 independent experiments. B, Cercariae preincubated with carboxyfluorescein diacetate succinimidyl ester with GF109203X (10 µM), U0126 (1 µM), SB203580 (1 µM), or dimethyl sulfoxide (DMSO; vehicle, 0.1%) were or were not exposed to LA, keeping inhibitors present. Mean fluorescence (±standard error of the mean) of the released gland components was then measured over 120 minutes (bottom; n = 3), relative to 0-minute values (control with no LA), which were assigned a value of 1. *P ≤ .05, **P ≤ .01, and ***P ≤ .001, by analysis of variance, when compared to LA. Micrographs (maximum projections of 20 confocal z-sections) show acetabular gland components (green) remaining after 120 minutes of LA exposure in the presence of inhibitors or DMSO and represent results seen in cercariae populations obtained from 3 independent experiments. This figure is available in black and white in print and in color online.
decreased after 60 minutes of LA exposure ( Figure 5A ). Staining of LA-exposed cercariae with anti-phospho PKC (βII Ser660) antibodies revealed activated PKC at the ventral nerve cords, in addition to the sensory papillae and other neural structures that were seen in control cercariae (described above). Activated ERK was seen in structures such as the oral sensory papillae, flame cells, neural structures, head-tail junction, and excretory tubules early (5 and 10 minutes) after exposure to LA, whereas after 15 minutes, activation was observed at the acetabulum and tegument, and, at 120 minutes, was only observed at the sensory papillae ( Figure 5B ). Finally, activated p38 MAPK associated with the cephalic ganglia after 5 minutes of LA exposure, with the head gland and tegument after 10 minutes, and with neural structures within the tail after 15 minutes; activation generally was associated with the acetabulum at other exposure times (data not shown), except for 120 minutes, when negligible p38 MAPK activity was observed ( Figure 5C ).
We have previously used GF109203X, U0126, and SB203580 to block PKC, ERK, and p38 MAPK activity, respectively, in S. mansoni adults and miracidia [16-18, 20, 31] . To demonstrate that these compounds are effective in cercariae, cercariae were incubated with inhibitors and proteins processed for Western blotting. GF109203X (10 µM), U0126 (1 µM), and SB203580 (1 µM) were capable of suppressing the phosphorylation (activation) of their respective target kinases ( Figure 6A ). Finally, effects of pathway perturbation on LA-induced release of acetabular gland components were investigated. In the presence of LA, 10 µM GF109203X attenuated the release of cercarial acetabular gland components as early as 5 minutes (P ≤ .05), with 80% (P ≤ .01) and 67% (P ≤ .001) inhibition at 60 and 120 minutes, respectively ( Figure 6B) . A similar overall effect occurred following suppression of ERK signaling ( Figure 6B ). Finally, cercariae treated with the p38 MAPK inhibitor SB203580 showed impeded gland release after 5, 60, and 120 minutes (P ≤ .05). Confocal microscopy revealed that gland contents remained within cercariae treated with either inhibitor, compared with DMSO controls ( Figure 6B ).
DISCUSSION
Host finding and invasion by schistosome cercariae are complex adaptations intrinsically linked to the sensory physiology of the parasite. There are approximately 76 sensory surface papillae (nerve termini) on the S. mansoni cercarial body/anterior organ, of which 14 are associated with 7 gland duct openings at the oral tip; fewer papillae exist on the tail [34] . While these papillae potentially mediate responses to light, temperature, and/or host molecules [35, 36] , we lack knowledge of cellular sensory transduction mechanisms in cercariae. To begin to address this in the context of host infection, we multiplexed PKC, ERK, and p38 MAPK activities in response to light, temperature, and LA cues and mapped the functionally activated kinases in situ.
In addition the importance of these protein kinases to acetabular gland release, critical for host-skin penetration, were investigated. Cercariae PKC, ERK, and p38 MAPK activities were affected by light and temperature and exposure to LA and were associated with various sensory and neural structures, and attenuation of these kinase activities blocked LA-mediated acetabular gland release.
At 24°C, the 81-kDa PKC, likely an aPKC ι-type [20] , was transiently activated by intense light at 15 minutes and by dark at 60 minutes, although with a pronounced/earlier response at 37°C. Activated PKC associated with the nervous system/acetabular nerves (similar to that stained with antisynapsin antibodies [37] ) under light, as well as with the sensory papillae under dark. PKC also associates with neural structures in adult S. mansoni [20] and is involved in temperature-sensitive neural signaling in C. elegans [38] and photoreceptor light adaptation in Drosophila [39] , suggesting a photoadaptive/thermoadaptive role for PKC in cercariae. That rhodopsin-like guanine proteincoupled receptors (GPCRs) exist in S. mansoni [40, 41] further supports a role for PKC in phototransduction in cercariae, as PKC activation is coordinated through this GPCR. Furthermore, increased PKC activation at the subtegument in response to dark might help drive tegument remodeling, which is critical during schistosomule transformation.
The 81-kDa PKC was also activated by exogenous LA as early as 10 minutes after exposure, with kinetics concomitant with initial gland release. Simultaneously, PKC activation was rapidly observed at the oral sensory papillae, within the acetabular ducts, nervous system, and acetabular gland region. LA is a known PKC activator [42] , and although the mechanism of interaction between LA and oral papillae remains unknown, a hypothesis is that skin LA acts as a second messenger in papillae by intercalating with their membranes to activate PKC downstream. The temporal patterns observed are consistent with early (at 5 minutes) LA-mediated PKC activation (seen with both anti-PKC antibodies) at the oral sensory papillae, structures that provide initial contact with the host, inducing neuronal signaling to the acetabular glands and ducts that, in turn, stimulates release of acetabular gland contents through muscular contraction to enable host infection. This is supported further by PKC deactivation ( presumably through feedback mechanisms) occurring in these structures when gland contents are exhausted and by GF109203X blunting gland content release. Moreover, because acetabular nerves have possible roles in neuromuscular function of the acetabulum for attachment/ creeping on host skin [35] , and because PKC regulates schistosome muscular activity [20] , PKC activation in response to LA might facilitate further mechanosensory interactions between parasite and host.
With the exception of dark exposure at 24°C at 15 minutes, p38 MAPK responses appeared to be largely positively thermokinetic (stimulated by temperature increase) at 30 minutes. A similar thermokinetic response was observed for ERK. Although ERK can act downstream of PKC in adult S. mansoni [20] , the differential responses of ERK and PKC to light/temperature suggest that they are not exclusively coupled in cercariae. In animal parasitic nematodes, thermosensory organs are often found at the tip of the head, close to the mouth [43] . While this might be the case in S. mansoni, the association of activated p38 MAPK and ERK with the oral sensory papillae under a variety of light and temperature regimens (and ERK with LA) suggests that p38 MAPK and ERK might not act as sensory responders to these cues in the oral papillae. Nevertheless, ERK (but not p38 MAPK) was activated in response to LA, with temporal kinetics similar to those for PKC, and inhibition of ERK or p38 MAPK blunted acetabular gland release. In addition, striking ERK activation was seen in the acetabular ducts under dark conditions at 37°C. These findings suggest complex protein kinase signaling mechanisms governing cercarial thermosensation and gland release. Importantly, in addition to driving immediate cellular responses that change cercariae behavior, such as acetabular gland release, ERK and p38 MAPK regulate downstream transcription factor activity; thus, thermosensory kinase activation may drive transcriptional changes required for the transformation and survival of schistosomules in the warm-blooded host. Similar to adult S. mansoni [20] , activated ERK was also detected in flame cells and the excretory system of cercariae, demonstrating conserved functionality in schistosome excretory processes, likely analogous to that of planarians, in which epidermal growth factor signaling is essential for excretory system maintenance [44] .
Finally, localization of activated PKC and ERK to putative sensory receptors in the tail in response to LA and to intense light at 37°C, respectively, is curious. However, we observed upregulation of ERK and PKC activity within tails after only 1 minute of exposure to intense light as compared to findings during dark exposure, supporting the notion that photoreceptive structures and mechanisms exist in cercariae tails that might be critical to the coordination of swimming and infection behavior.
In summary, this research provides the first insights into sensory cell signaling in schistosome cercariae and a valuable functional atlas of activated PKC, ERK, and p38 MAPK in situ. Furthermore, the importance of these pathways to acetabular gland release, a critical step in host skin invasion, is demonstrated.
Notes
